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results of in-situ investigations are reviewed. The generality
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of the conclusions drawn from in-situ experiments is examined

by a discussion of the influence of the experimental conditions

'(the effects of the electron beam, the residual gases, the sub-
strate surface conditions, and the film and substrate materials),
and by.an analysis of the growth of f.c.c, metals on alkali
s.alides. in the final discussion the most striking phenomena
coserved in the formation of thin continuous films from isolated

nuclei are considered from the theoretical point of view.

I. INTRODUCTION

Thin films can grow by several mechanisms shown in Fig. l:l The
Volmer-Weber mechanism in which '3—dimensional nuclei are formed, which grow
sidewar« and outﬁard until a continuous film is formed, the Frank-van der Merwe
mechanism»,-%’in which the film grows monolayer by monolayer émd the Stf.ra.nski—
Krastanov tinecna.nism in vhich first a mono- or multilayer of the fil;h material

or of & mixture between film and substrate material is formed, on top of which
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3-dimensional crystals grow. This paper is concerned with the processes which
take place between the formation of 3-dimensional nuclei and the formation of
a continuous film. The nucleation process itself is discussed in several other
papers in this conference. The growth processes in thicker films have been

2,3

reviewed recently, We will be concerned mainly with the kinetics of the
film formation and will only briefly discuss some of the energetic aspects.

Our problem can be formulated essentially as follows: Given a surface and a
system of small particles. which interact with the surface and with each other,
What is the structure of the film consisting of these particles? We can con-
sider two extreme cases. In one case the particles interact strongly with each
other, but only weakly with the surface, Just'like droplets with high surface
tension which do not wet the surface. When such particles contact each other
they will form one larger particle and lose their identity in this way (".iquid
like behavior"). No thin continuous film can be formed, but one or seversl
large isolated particles. In the other extreme case the particles interact so
strongly‘with the surface and‘so weaxly with each other that upon their contact

they simply stop their sideward growth ("rigid model"). Most real situations

.are between these extreme cases.

II. THE RIGID MODEL

This model is easily amenable to formal mathematical treatment if it is

assumed that nucleation is completely at random.h The treastment is similar to

5

that given by Avrami” for the kinetics of crystallization in 3 dimensions. It

leads t6 relations between the experimentally measurable quantities and the
! .

basic pérameters determining the film growth. Such measurable quantities are:




(1) the particle distribution furction N(f, g, Es t) which is the number of
particles with cross-section f congisting of g atoms or molecules at the time t.
The other parameters Ei characterize, e.g. the shape of the particle, its ofien—
tation and the kind 6f nucleation center if preferred nucleation sites exist;
(2) the fraction F(t) of the surface covered with particles; (3) the total
number N(t) of particles; (U4) the number N'(f) of separated particles; (5) the
number Nkf,t) of particles with interface size f; (6) the number G(t) of con-
densed atoms or molecules; and (7) the mean and differential condénsation
coefficients K(t), k(t). These quantities can be expressed as function of:

(1) the nucleation probabiiities I(f), JM(f), JL(f) on a smooth surface, on a
point-like nucleation center and on a_line—shaped nucleation center respectively;
(2) tne lateral and normal growth rates'% and h of the crystals when not impeded
by neighboring crystals, and (3) a system of parameters Yy characterizing the
crystal shape. These pargmeters again depend upon the vdpor flux N ,bthe sub-
strate temperature T, the heat of édsorption AHa and the activation energy for
surface diffusion AH, of the vapor molecules on the substrate, the specific free

d

surface and interfacial‘énergies os’ G0 O the numbers M and length L of

1°

point-like and line-shapednucleation sites and upon other parameters such as

residual gas pressure and composition, electron beam current density ana energy.
"The formulae>for some of the measurable quantit;es in terms of the first

set of parameters are given in Table I for nucleation on a surface without pre-

ferred nucleation sites.
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F: T are the areas which would be obtained if the particles would grow
unimpeded by their nelighbors. "I is the nucleation probability per unit area
of uncovered surface. Similar expressions can be given for preferred nucle-

ation at a finite number of sites. In general the nucleation probabilities I,

'JM, JL and the growth rates f and h as well as the crystal shape parameters vy

are time dependent and nucleation on the flat surface occurs simultaneously
nd other pré;erreu si
very complicated expressions; therefore only greatly simplified cases nave veen
calculated. Some typical results are shown in Fig. 2, togethef with experi-
mental results by Walther6 on the condensation of Hg on polycrystalline Ni.
In the calculatién it was'assumed that nucleation takes place only at a limited
ﬁumber Mo of nucleation sites, and that all parameters are constant except f.
Note the maximum and minimum in the differential condensation coefficient k and
the coincidence of the maxima of k and K' in qualitative agfeement with experi-
ment. ‘ |

In the case of nucleation on a limiied nunber of sites N' reaches its max-

imum when F & = ; however when nucleation can take place everywhere on the
Frig |

surface Néax is at F = %u A determination of the coverage F at the maximum of

_N' gives therefore information on the nucleation mechanism. As long as F(t)<<l

“F(t)

we can put e % 1 and obtain from Egs. (2) and (4) in Table I, the following

two simple expressions for the nucleation probability

dn(ai,ﬁ) dm',(_ei,t)

1(g,,0) ™ —d— s —— | (2a)

\

t
1 7 1] ~_ ._az 1
I(ei,t ) & - N(f,s ot) = at. f(: o, 6.6") N' (f & ot) ——r at. J = (ei,r,t Jat. (La)
‘ ; , =t'
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ir §§-= const = ?2’ (ka) simplifies to

I(ei,t')mm'(f,ei,t) To - with £ = (t-t')T, (4v)
I(Ei,t') can therefore be determined in two ways: from the total number of
particles as a function of time, or from the particle size distribution function
at a time t = t'.4'%§ if the lateral growth rate of thg particles is constant

and F<<l, The firstoapproach was used in the study of the epitaxy of LiF on
several alkali halides as & function of substrate temperature and deposition

‘ rate.7 Replicas like the one shown in Fig. 3 were taken at different film
thicknesses obtained with the help of a shutter. However, the number of experi-
mental points was insufficient and their scatter too large for meaningful results
on the time dependence of I(Ei,t) to be obtained. P0ppa,8 in a much more refined
study of the growth of Ag bn amorphous carbon at 425°C in the electron microscope,
succeeded in obtéining more points with much less scatter. He used both methods
to determine I(t) and his results are shown in Fig. 4, which gives the particle
size distribution function, N'(t) as measured directly and as calculated from

the distribution function, andvshows surprisingly good agreement. The I(t)

/

derived from N' as given in Fig. kb using Eq. {2a) is -

\aJ
T  max

'I(£) =53

sin(wt t )
max . max
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indicating a time lag for nucleation. More recently, Poppa’ has studied the

growth of Sb on amorphous carbon over at temperature and particle flux range
which covers nucleation with and without time lag. The early part of the film
growth before N' reaches its maximum has thus been demonstrated to give valuable

information on the nucleation process.
{
i

i
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III. THE AGGLOMERATION PROCESS: THE LIQUID-LIKf'BEHAVIOR

We turn now to the question of how far reality deviates from the rigid
model. In 1942, Hasslo had already noticed that with increasing thickness the
particles of a Ag film coalesced into larger particles indicating that the
rigid model was only a very rough approximation,' His observations were later
confirmed for many other systems, but the most striking efidence came from in-
situ film'growth in electron microscopes‘which ailowed the contvinuous observa~
tion of the film growth. Such experiments have been performed for the systems

given in Table II.

TABLE II
CONDENSATION SUBSTRATE
FIIM SUBSTRATE RATE X/min TEMP. (°C) REFERENCES

T o

(1) Amcrphous Substrates

Ag; Au, Sn Formvar | 20 11
Ag ‘ Carbon - 1 - 500 ' 250, k25 -8, 15, 17
Au , Carbon 20 17
Cu Carbon 1-500 . 250 15

(2) single Crystal Substrates
! .

Ag | MoS, .1 - 500 250 - 450 12, 13, 15, 1T,
18, 20, 21
Ag Mica 20 - 500 300, 450 16, 20
Ag Graphite 1-10 12, 15
Ag {111} Au, 20 - 500 450 20
{111} Pt
Au . Mos, 20 | 300 - 40O 17, 21
Au : {111} Ag 50 : . 450 1L
" Au \ {111} Pa 20 ~ 500 200, 450 20
Cu : Graphite 1-10 ‘ 15
Pd © {111} Au 20 - 500 50, 200, 450 20
Po . Mes, | ' 19
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While the results of these investigations vary widelyAwith film and sub-
strate material, substrate temperature, condensation rate, surface condition
and residual gas, they show a number of common features of which the most
striking one is the liquid like behavior of the crystalline film particles.
Neighboring particles with well defined crystallographic shapes suddenly coalesce
to form one larger particle with rounded profile which on further growth develops
a crystalaographic form again. At present it is not certain whether actual
contact of the sideward growing particles is necessary for coalescence or if
coalescence c#n also occur by a sudden finite relative motion of separatéd
particles. Figure 5a shows one micrograph out of a series taken during depo-
sition of Ag onto mica at 450°C. Figure 5b is a superposition of the crystal
shape in 3 growth stages from this series. Figure 6 shows a coalescence
sequence for Ag on MoSZ. Better than any description is, the 1iqui§ like behavior
illustrated by cinefilms. (A short presentation of a cinefilm of the growth of

Ag on MoS,, taken by H. Poppa follows.)

2
The tendency to coalescence of Ag crystals on various substrates decreases
from graphite to mica to M052 to {111} Au and {111} Pt. At the same time the
tendency to sideward growth increases indicating,increasing film-substrate
interaction. On graphite nucleation is strongly preferential and 3-dimensional,
while on the metalg given in Table II, initial growth is mainly 2-dimensional
(alloying!): 3-dimensional crystais are formed only on top of the initial layer
and show little tendency tq coalescence. Pashiey et 31.21 have made some
qualitative considerations of the coalescence mechanism using thé theory of
sinteringiof spherical particles. They found that both volumé and surface dif-

fusjon caﬂ account for the rapid change in particle shape during coalescence

with surface diffusion beihg the most pfobable process. While the mechanism of



coalescence is not completely understood at the present time, there is little
doubt that the driving force for it is surface and interfacial energy. The
larger the surface and/or‘the interfacial energy as compared to the substrate
surface energy, the stronger the tendency to coglescence. High surface movility
also encourages coalescence. The agglomeration process in the growing film is
therefore determined to a large extent by the same parameters which determine
nucleation. It is this fact, little appreciated in the past, which makes tze
study of the agglomeration stage so important for the understanding of the
structure of continuous films. We will come back to this later.

Some other important observations of in-situ studies should bé_mentioned;
When particles with different orientations coalesce,the'resulting particle in.
generai is again a single crystallite ,provided the merging particles or at least
one of them was not too large (< .1 -1 ﬁ in the systems inveétigated). This is
true both for amorphous substrates, e.g. for Ag on carbonlz, and for single
crystal substra?es, e.g. for Ag on MoSz,21 where particles which are in twin
position to one another freguently assume one of the two pbsitions upon merging.
. As a consequence of these processes it is not possible to calculate any of the
previously discussed quantities N, N', F, etc. using the rigid model if the
.merging particleslare small which is the case for most evaporations. Only at
very low supersaturation can we expect the rigid model t§ be applicable. Before
coalescence the isolated crjstals-frequently rotate during growth; rotations,
random in time, direction and magnitude uﬁ to 3° héve been observed for Ag
.crystals growing bn MoSQ.l-2 For more details we refér to the original work (8, 9, .
11-21). |

The e%perimgntél conditions of'in-sifu investigations nave been improved

considerably from the experiments’nf ¥cLauchlan et al,, 15 years ago, in which




the vacuum was poor, the evaporation rate was not controlled ané the growing
film was contaminated by the electron beam, to the present work of Poppa8’9 in
good vacuum (Nl()—7 torr), with defined evaporation rate and no beam contam-
ination. Nevertheléss, we have to discuss first the influeﬁce of the experi-
mental conditions on the results of in-situ investigations before we can draw

any general conclusions on the growth process of thin films in general.

IV. THE INFLUENCE OF THE EXPERIMENTAL CONDITIONS
ON T.IE FILM GROWTH

Tne main difficulties for a generalization of the results of in=situ

investigations are: the influence of (1) the electron beam, {2) the residual

gas, and (3) the surface condition and the limited number of film and substrate

materials used.

The electron beam can influence the film growth in many ways: by hydrocarbon

contamination o: the substrate surface or the growing film; by heating; by
dissociation,of the substrate and/or film material and the residual gas; and
by desorption of adsorbed gases. Hydrocarbon contamination can be nearly
eliﬁinated by proper heating of the specimen and/or cooling its environment.
Specimen heating can be minimized by proper illumination, but nevertheless can
be considerable, if proper care is not taken. Specimen heating may have been
responsible for the reduced condensation of Ge on NaCl,23 in the electron bom-

barded area in conventional vacuum and for a similar phenomenon in the conden-

sation of Au on NaCl in ultrahigh vacuum.2h The somewhat slower film growth of

15

Ag on M082 in the electron bombarded area noted by Bassett
may also have been due to speciﬁen heating. However rapid dissociation of the
substrate surface by the high intensity beam can have the same effect. Disso-

ciation which is limited to compound suoustrates and films may not only reduce

20

and Pashley et al.

21
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or increase the rate of film formation but may also influegce the orientation

of the film crystallites. A reduction of the rate of film formation is observed
when trne removal of material due to disséciation ié comparable with or larger
than the deposition rate. This can happen at low condensation rates and ﬁigh
continucus beam intensities. The rate of film'formation increases if a compound
substrate is irradiated with a high intensity beam only for a small fraction of
the condensation time2h or if the electron veam is of low intensityazs This

has been observed, e.g. for Au on NaCl in vazh and for Ag on NaCl, mica and
M082 in conventidnal vacuum. Thelinfluence of a low intensity electron bean
depends considerably upon the residual gas and will be discussed below. On mono-
atomic substrates no dissociation can occur and the beam influence can be best
explained by desorption of adsorbed gases. Such observations have been made

8,9

for Ag and Sb on carbon. Whatever the details of the influence of the elec~

tron beam may be, the liquid like behavior is not caused by it, because coalescence

takes place also in films grown without the influence of the electron beam.
Tnere are many indications that residual gases have considerable influence
on the growth process, depending upon the nature and pressure of the gas anc
upon thevsubstrate temperaturé. This is illustrated by the folléwing exampie:
A discontinuous Pt film dequited in UHV onto mica has a much_more'uniform and
about an order ofAmagnitude lérger grain size than a film obtained in a conven-
tional vacuum system. This has been attributed to a lower nucleation rate and

21 Continuous Sn and In films deposited

higher mobility of the Pt on mica in UHV,
at room temperature in UHV or in N2, HQ, A, CHh’ and CO have a much larger grain
size tnan the same films deposited in a O2 residual éas atmosphere. The films

grown in $2, H,, A, CH,, and CO develop & strong preferred orientation ([100]

and [010] fiber texture for Sn and In respectively), while the films grown in C,

11



are randomly oriented. In discontinuous films the tendency'to coagulate is
much larger in UHV than in.02, althoggh the films in both cases become elec~
trically continuous at about the same thickness. These observations indicate
that O2 reduces the mobility of the deposited material and inhibits the coales-

cence of the individual grains.ze' NaCl grows on NaCl in He, H 0, at

22 N2> Op
180°C up to the highest deposition rates (1000 K/sec) only in parallel orienta-
tion; while in the presence of water vapor, CO, C0, or C,H, nucliei with {11C}
orieﬁtation are formed,and in the presence of ChHlo nuclei in twin orientation
are formed. If NaCl is deposited both invthe presence of ChHlO and & low
intensity electron beam, {110} oriented crystals are formed instead of twins.26
These examples indicate that residual gases, with complications due to the
electron beam, can strongly influence both nucleation and agglomeration by
changing the size, shépe and orientation of the crystals both in the discon-
tinuous and in the.continuous film. That such effects certainly exist in the
in-situ investigations d§scussed above is indicated by Pashley's et al. observa-
tion21 that Au groﬁs much more sidewards on M082 if deposited in UHV.
Frequéntly, it is difficult to separate the influence of the residual gas
frqm that of the substrate surface condition: At high residual gas pressure,
a surface cleaned, e.g. by heating, ion or electron bombardment is very soon
.again'covered with an adsorbed layer; in UHV the surfaces have frequently losi
their adsorbed layer due to the bake-out used to remove adsorbed layers from
the walls ofhihe vacuum system. Nevertheless, there are clear indicaﬁions that
at a given residual gés_pressure snd composition differences in the substrate
surface condition can ;trongly influeﬁce film growth. A trivial example is the
decoratiog of water marks In the early states of film growth at low super-

i’

saturavion. A more sophistiéated example is the influence of the surface layer

12
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on alkali halide crystals cleaved in air on the orientation of films deposit
onto them which was already noticed by Shirai.29 He found that Te, Cr, Mo, ané
Ag films deposited onto NaCl cleavage planes which had been annealed at elevated
temperatures (321 - 638°C) before deposition had in general more orientations
and a different "epitaxial temperature" than films deposited onto as-cleaved
surfaces Pnder othervise identical conditions. Recently, the influence of the
surface stdte has been demonstrated eséecially strikingly by the‘experiménts of
Ino et al.30 They showed that the "epitaxial temperature" of Ag deposited onto
vacuum cleaved NaCl had an "epitaxial temperature'" 150°C below that of a film
deposited on an air-cleaved surface. We will discuss their results together
with that of later related work below. There is little doubt that the surface
condition can also have considerable influence on the in-situ results, e.g. due
to a recuction of the film-substrate interaction by adsorbed layers.3l Poppa20
has given an example for the influence of the surface‘condition in in-situ
experiments, -using ion bombardment cleaﬁinv.

In all in-sifu experiments descrived above metals were used as film material.
Metals are plastic, their surface encrgy is only weakly anisotropic and many of
them have high heats of adsorptior for resicual gases. To what extent can we
expect the‘results obtainedlﬁﬁth netals to be valid for ionic crystals which
are brittle, which have surface energies varying strongly with direction and

1,33 of the growth

which have low heats of adsorption? ZEarly qualitative studies

‘mechanism of thin films of ionic crystals did not indicate any strlklng coales~
cence processes during the merging of crystalo as observed with metals. This
is shcwn in Fig. 8 whlch cgmpares a LiF film on NaCl with a Au film on NaCl in
a similar;growth stage. This apparent lack of coalescence in fact stimulated

34

the ri;id model. More recently however Campbell et al. have made some

13



observations in LiF films on carbon which seem to rule out the applicability

of the rigid model not because of coalescence of merging particles, but because
of break-up. Figure 9 shdws some of their results. The number N' of separated
particles first décreases és it should after the maximum of N'—-tﬁe initiai
increase of N' has not been observed bvecause of the high deposition rate--but
then ' increases again with a simultaneous decrease in the average particle
area f. This observation clearly indicates that we have to be very careful in
the generalization of the results obtained with metals to ionic crystals.

Also generalizations to other substrates than those used in the in-situ
experiments have to be done with carc. The single crystal substrates used are
all strongly anisotropic,. have laygr structure and cleavage planes with hexa-
gonal c¢r pseudohexagonal symmetry and induce in the film an epitaxial {111}
orientation (except graphite). The {111} orientation is not only favored by
the symmetry of the substrate but also by the anisotropy of the crystal itself.
The {111} surface has the lowest free surface energy of a&ll planes in the f.¢.g.
lattice and the {111} interface between crystal and substrate has the lowest
interfeacial energy compared to all other planes, assuming the same average
mismatch (see below). Therefore the {111} orientation provides‘the minimun
energy configuration for a iiane parallel slab. If the epitaxial orientation
is now & {100} orientation--as for most f.c.c. metals on alkali halides~-then
we have to expect a tendency to formation of a {111} orientation. How strong
this tendency is depends mainly upon the anisotropy of the surface energy of the

crystai and the interfacial energy. As both parameters depend on the residual

gas and the substrate surface condition we will examine now the epitaxy of f.c.c.

metals on alkali halides from this point of view.
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V. THE EPITAXY OF f.c.c. MITALS ON ALKALI HALIDE CLEAVAGE PLANES

Instead of tracing the historical development we will start with the dis-
cussion of some of the results which Kunzzh has recently obtained {rom in-situ
UHV electron diffraction studies and of some ideas of the mechanism of film
growtn which have been stimulated by these results. Afterwards, we will look
at previous results in the light cf these ideas. Kunz's experiments were per-
formed in a Vacion-Ti getter pumped system with a base pressure of 2:10“10 torr
after & U-hour bakeout at 250°C. - Au was evaporated simultaneously at rates
between 10 and several lQQ K/min onto air- and UHV-cleaved NaCl heated to 300 -
450°C. The film structure was observed by electron diffraction either continu-
ously, intermittently or after the completion of the evaporation in order to

.eliminate the influence of the electron beam. Most depositions were made at
360°C because at this temperature the air cleaved surface could be maintained

in a condition different from that of the UHV cleaved surface for several hours.
At 450°C the 'air cleaved surface assumed the behavior of the UHV cleaved surface
in less than one hour, which was noted previously by Matthews and Grﬁnbaum.35

At 360°C the initial growth of the Au film proceeds on both surfaces in parallel
orienteavion to the substrate (see Fig. 10a). The reflection electron diffraction
does not show the sligﬁtest indication of é {111} orientation parallel fo the
substrate. The intensity of the pattern on the UHV cleaved surface is much lower
‘than on the zir cleaved surface‘except if the UHV cleaved surface was bombarded
intermittently with electrons. With increasing film thickness well pronouriced
streeks in the <111> directions of the reciprocal lattice develop (see Fig. 10%b).
At a mean:thickness of 300 - 400 R = mzjor change occurs: the spot intensity
suddenly decreases whiie the background becomes much more intense., From this

v
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point on the growth on the UHV cleaved part of the crystal proceeds quite
differently from that on the air-cleaved part: on the air cleaved side the film
shows a well pronounced epitaxylparallcl to the rock salt lattice witin a com~
plicated interface structufe (Fig. 10c); on the vacuum cleaved side however {111}
orientations develop (Fig. 10d). A transmission electron diffraction and micro-
scope examination of the filhs gives the following additional information: ine
nucleation probability on the UHV cleaved surface is much smaller than on the
air cleaved surface (Fig. lla, f). With increasing film thickness, crystals in
other orientations besides the parallel orientation appear, predominently ran-
domly and {111} oriented crystals (Fig. 12b, g). Coalescence ieads oni the URV
cleaved surface, where it is much more pronounced (Fig. llc, h), to a consider-
able ennancement éf the {111} orientations, mainly at the expense of the parallel
orientation (Fig. 12i), while on the air cleaved surface the parallel orientation
becomes dominant (Fig. 1l2c). Aé & result of these téndencies continuous films
on UHV cleaved surfaces consist of large {111} oriented crystals with linear
dimensions of the order 1 u (Fig. llky. Many of them seem to bé free of dislo--
cations, producing weak Kikuchi patterns (Fig. 12h), others are full of dislo-
cation tangles. The continuous films on the air cleaved side consist of much
smaller crystals in parallel orientation which frequently contain twins (Fig. lle)
or prccéuce clear Kikuchi patterns (Fig. 12h). |

Trese results clearly show that the orientation of the continuous films cén
be completely different from that of the isolated nuclei and that the crucial
stage of the film growth in which the final orientation isvdetermined_is the
coalescence stage. In the present experiments the only difference in the experi-
mental pérameters leading to the two Tinal orientations was in the condition of

the substrate surface. As a consequence of this difference, the nucleation

16




probability was lower and the tendency to coalescence was higher on the vacuum
cleaved surface than on the air cleaved surface. The first phenomenon was also

36

noted in conventional vacuum by Sella and Trillat,” however the second is not

. 6 )
observed in conventional vacuum,3 where the coalescence on a vacuum cleaved
surface is identical to that on an air cleaved one.37

What distinguishes now the two surface conditions and what is the influence

38,39 36,40 have studied the

of the resicdual gas? Bethge et al. and others
structure of air and vacuum cleaved NaCl surfaces and its change under the in-
fluence of water vapor using the preferred‘nucleation at steps ("gold decoration

" )36 t] 38-)40

technigue and éurface‘conducfivity measurement. Although steps do

‘not influence the orientation of Au nuclei, not‘even in UHV,I.‘l their configura-
tion can give information on the condivion of the surface. From these experi-
ments it has been concluded that‘an air cleaved NaCl surface interacts with the
atmosphneric water vapor and recrystellizes into a hydrate like surface structure.39
The rate of formation of this surfacc structure depends upon water vapor partial
pressure., This is used to explain that Au films deposited on UHV cleaved
surfaces which had been-exposed to water vapor at 10 torr for one hour had the
same stiructure as films grown on cleanlsurfaces, while an exposﬁre to 75 torr

(or more) of air for one houf produced films with the same.sfructure as that
obtained on an air cleaved surface.35 On the other hand,‘Harsdorff and Raetherha
- found that the Optimuﬁ orientation in Ag film evaporated onto NaCl at 60°C is
alreacy obtained_B sec after cleavage in a residual gas pressure of 10‘6 torr.

By changing the residual gas they showed that the gas component most effective -
in improving the film orientation was wgter vapor; in agreement with earlier

43

work on the degree of orientation in Cu films on NaCl. In this work Harsdorfl

had found that the degree of oriertation of continuous films of Au, Ag, and Cu

17




on NaCl, KCl, KI had maximum'and minima as function of séﬁstrate temperature.

He associated the maxima with the beginning of evaporation of adsorved layers.
If this interpretation is acgeptcd six adsorbed layers on NaCl are necessary

to explain the data for Ag. Recent mass-spectrometric evidencehh seems to

confirm the existence of several adsorbed H,0 layers. If a NaCl crystal is

2
slowly heated to 500°C several H20 desorption peaks are observed at reproducible
temperatures. One of them is shown in Fig. 13a. However the peak shape is not
compatible with the kinetics of a single desorption process. Mass spectrometric
studies by Greenhs Qho used NaCl exposed to D20 in order to distinguish between
H20 on the surface and H20 in the bulk reproduced the D,0 "desorption peaks'--

all shifted to somewhat lower temperature--but showed definitely that they cannot
be due to a desorption process (Fig. 13b). We associate the peaks tentatively
. wiﬁh ourst of DEO bubbles formed by diffusion of D20 into the bulk. No such
bursts are observed at mass 28 if even the crystals were cleaved in CO and 002.
The reinterpretation of the "desorption" peaks does not mean that'adsorbed H20
layers do n&t exist, however muct higher heating rates would be required in
order to ooserve their desorpticr. In fact, the existence of an adsorbed layer
is indicated in low énergy electron diffraction patternsh6 of NaClssurfaces
exposed to H20 and baked fér severai hours at 200°C, which differ from those of
surfaces heated to 500°C in a'considerab%y increased background, although they
have tne same periodicity. If the surf;ce is a monolgyer or a multilasyer and |
how the H20 or OH is distributed normal to the surface cannot be determined at
present., We velieve thefefore that thé nature and thicknes; of the adsorbed
vlayer necessary for the formation of continuous epitaxial films is still an
unsolved problem.

| Anothér open question is to what extent the failure to form an epitaxial

film in the absence of the adsorbed layer is due fo nucleation or due to
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coalescence. We have seen earlier that Au nuclei on a UHV cleaved NaCl
surface at 360°C are oriented parallél to the substrate, while with increasing
film thickness a {111} orientation develops. The parallel orientation is also
prominent in very thin films (10 X thickness) at léwer substrate temperatures
down to room temperature, although the amount of {111} orientation increases

35

with decreasing temperaturéw This.increase in {111} orientation can easily
be explained by coalescence because with decreasing substrate temperature the
number of nuclei increases rapidly so that coalescence starts at a much earlier
stage of film growth. On the other hand, it could be argued that the experi-
ments performed up to.no;'were not dbne with clean enough surfaces and that on
a really clean surface the Au nuclei would not be oriented. Some of the argu-

ments in favor of such an opinion are: (1) a burst of H20 is observed if NaCl

is cleaved in vacuum at room temperature,h7 at least a fraction of the H,0 can

2
be adscrbed on the surface of the crystal; (2) when a NaCl crystal is heated,
many smallhs‘and several large H20 burstsm‘"u5 are observed in the temperature

ragge investigated (up to 500°C). 1If we attribute the bursts to H20.coming from
the interior of the crystal, then a surface cleaved even in the best vacuum has
enougn chance to be covered with at least a fraction of a monolayer of adsorved
HEO supplied from the interior of the crystal even after a prolonged bakeout at
severa. hundred °C. If ‘there gs a limited supply of adsorbed Hzo; it can ‘be used
up in the formation of the interface of the initially formed nuélei which ac; as
scavengers for adsorbed gases. The initially formed nuclei could thus have
parallel orientation, while the nuclei-formed later would assﬁme the orientation
characteristic for the clean surface. An indication that this might be true is
the obserﬁation that the Au nuclei on UHV cleaved NaCl at 360°C formed at a

later stage of the film growth in the space between the coalesced crystals have
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. 2
nearly exclusively {111} orientation.>' These considerations show the need
for more experiments to understand the elementary processes of the growth of

thin films even in a system as extensively investigated as Au on KNaCl.

DISCUSSION

We will discuss now some of the most outsténding features observed in the
formation of continuous films from‘isolated nuclei from the theoretical point
of view. The most striking phenomenon in metval films is the coalescence of
particleé, which chanées particle sizc, shape and orientatioﬁ as compared to
that expected from the rigi@ model. The experiments indicate that the tendency
to coalescence depends mainly upon the condition of the substrate surface, the
resicdual gas pressure; the surface energy of the film material and the particle
size. This is n;t surprising if we consider that the system tries to minimize

its free energy. When some particles coalesce the decrease in Gibbs free energy
is given by i
+ AF

- o i _ .8
8 =& %okl %na O pgryr = ) (8)

wnere AFhkl énd AFi are the changes in surface and interface areas of the
particles reépectively, the dhgl are the épecific free surface energies of tﬁe
exposed surfaces {hkl} of the particles, oih'k'l' the specific interface energy
and o° the specific surface energy of the substfate. The surface is'proportional
to g2/3 (g number of Atéms in the pariicle’. Therefore, the free-energy gain

per atom AGat = %g is proportional to g-l/B or %-where L is a linear dimension

of the particle, which explains the decrease in coalescence tendency yith particle
size. If a very large.particle absorbs a very small one the linear dimensioﬂs

of the small one determine the process because the whole energy is dissipated

essentially only in the redistribution of the atoms of the small particle.
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According to Eq. (8) aG Alahkl' ‘Adsorbed gases reduce the su}face

energy according to the Gibbs adsorption equation by

Po )

; = - . d

86, L = - KT f o, (9 2 (9)
o]

where Do is the pressure of the gas with which the adsorption layer is in
equilibrium and rhkl (p) the surface concentration of the gas of pressure p

at the {hkl} face. Iy inereases with gas pressure and heat o

ry
3

B
«©
O
H
v
ct
[
[¢]
3

Conseguently ohkl decreases. At a given gas preésure Phki'is different on
different crystal planeé. For example {100} and {110} planes of Cu exposed
simultaneously with {111} planes (olll,< 900 < 0110) to a given oxygen dosis
are covered with half a monolayer of oxygen, while the {111} planes have‘only
a small fraction of a monolayer adsorbed.hs Therefore adsorbed gases cannot
only reduce the magnitude of the surface energy but also its anisotfopy, €e.g.
the difference betweén the surface energy of {100} and {111} planes. As a
consequence the decrease-in the free energy AG due to the change in total

surface area AF = Téil AF£kl becomes smaller in the presence of adsorbable

gases. Also the free enérgy change due to the reﬁlacement of'{hkl}vfaces with
larger Chkl such as {100} planes by planes with' smaller Y such as {111}

planes decreases upon gdsorption. Consequently the tendency to coalescence
decreases. It should be noted that the adsorption layer does not necessarily
have to come from the residual gas, it can also come from the'substrate}
Molecules adsorbed on the substrate can diffuse onto the Qurface of the particles
and be adsorbed there. So can reaction products between film and substrate.

This seems to be -the case in the epitaxy of Au on KCl.zh

While ‘a high particle surface energy favors coalescence, a high substrate

surface energy opposes coalescence (sce Eq. (8)). Adsorption of molecules
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either from the surrounding gas phase or from the bulk of the substrate, will
reduce the substrate surface energy and consequently encourage coalescence.

For the influence of the interfagig&_enérgy on coalescence on non-crystalline
substrates the same considerations are valid as for the surface energy. Oﬂ
crystalline substrétes, hgwever, the situation is more complicated due.to the
misfit between film and substrate and due to the elastic anisotropy of the film
crystals. This can be seen best using the most popular interface model, van der
Merwe's dislocaﬁibn interface.h8 For a given sﬁbstrate surface orientation, the
energy of such an interface in the limit of large misfits is

*
i - %P

9 nx1 2 ’ (10)
’ b1

wherc n;}s a measure for the average misfit and G*hkl is an interface shear
nKG :

modulius which depends upon the shear moduli Gh and G° of the film crystals

k1l

and substrate respectively. . Because of the elastic anisotropy of crystals
olhkl varies with crystal orientation not only due to a changing misfit, but

3 ¥*
also dueEZo a change in G hk1°
ratio E———:Q%;—— for NaCl and f.c.c. metals as a measure for the elastic anisot-

11 T f12 -]
ropy, and the shear moduli for shearing of the {111} and {100} planes.

This is indicated in Table III which gives the

TABLE III

NaCl ALl Ni  Au Ag ~ Cu - Pb
T 0.7 1.3 © 2.5 2.9 3.0 3.2 3.9
11~ 12 : | .
- Gyp3 % - 2,48 6.08 1.88 1.93 3.05 .1¢9-1011 dyn/cm2
G, | 126 282 1247 k20 k3T 7.5 144,10 ayn/ca®

=x s R
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If the average misfit for a {111} plane of a f.c.c. metal on a crystalline
substrate is not much larger than for a {100} plane, and if the strain energy

in the f.c.c. crystal is a major part of the total interfacial energy, then
ci < 0i
111 100

This may be the case in Au on clean KaCl. However, if the major part of the

and a {111} orientation is more stable than a {100} orientation.

interfacial energy resides .in an adsorption layer with a small shear modulus
between substrate and crystal, then the elastic anisotropy of the film crystal
will play‘little role and the minimum ci'will be mainly determined by misfit
and bonding conditions. This is probgbly the case for Au on NaCl with an
adsorption layer. That misfit and elastic anisotropy considerations alone are
not surfficient to explain the orientation of f.c.c. metals on alkalil halides

is indicated by the fact that Al grows in general in {111} orientation although

it has the same lattice constant as Az and Au and a much smaller elastic anisot-
ropy than the other f.c.c. metals (see Table III). However Al is the only f.c.c.

metal with heats of formation of halides larger than those of the alkali metals.

i

This indicates the importance of chemical bonding, the possibility of chemical
reaction and the formation of transition layers, even in systems which are not
known to alloy, mix or react with each other in the bulk. The existence of

such interface layers has been demonstrated very clearly in recent years espe-

L9

cially by low energy electron diffraction, even in systems which are known

not tc alloy in the bulk like Ag on Cuké or are assumed not to react like Au
on NaCl or KCl.2h

If we accept the idea that'cllll < “1100 for Au on clean NaCl independent

of particle size, then we have to assume that the initial nuclei have a {100}

orientation due to scavenging of adsorbed molecules which are incorpofated into

: P s \ : : . 1 .
their interface. However--as we have pointed out some time ago --the inter-

facial energy between a small crystalline particle and s crystalline substrate

’
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is a function of particle size and shape, irrespective of what interface model
is used, e.g. a dislocation model (for small to moderate misfit) or a vacancy

model (for large misfit) or any other physically reasonable model. This could

i i
lead to o 100 < g 111

in orientation with film thickness without_ invoking adsorbed gaées.

in small particles, which would account for the change

Coalescence and the change in film orientation seem to us the two most’
important phenomena during the transition from isolated nuclei to the continuous

film. However the oscillatory behavior of the degree of orientation of f.c.c.’

" metals on alkali halides as a function of temperatureh3 may also have to be

attiributed to this stage of the film growth. Mass spectrbmeter experimentshs

suggest, that Harsdorff's original explanation based on a multilayer of adsorbed
H20 is incorrect. Therefore we have to consider some other possible explanations.
The most probable one on basis of the experimental evidence available at present

is the following: As indicated by the mass Spectrometer H,0 evolves especially

2
rapidly from the bulk of the crystal at specific temperatures Te‘ It may at
least partially be incorporated into the growing interfaces of the crystals
before large scale coéleséence occurs and allow the crystals.fo rotate--as

N 12
observed for Ag on Mos2

possible explanations cannot be excluded: (1) H20 may evolve rapidly enough

--into the minimum energy position. However some other

at the temperatures Te'tb aid in the formation of a low energy Ag/NaCl inter-
face for the parallel ofientation, leading to preferred nucleation in parallel
orientation; (2) the interfacial energy is an oscillatory function of inter-
face size.l The interface size of a nucleus increases with temperature. 'There;v
fore the degree of orientation of the nucleus is an oscillapory function of
temperature., This mechanism requires nucleus sizes incompatible with the gen-
erally heid views of the size of nuclei. Both (1) and (2) require that the

nuclei determine the final orientation of the film, i.e. that they do not rotate

2



during growth. This is‘néy true for ﬁhe following explanation: (3) crystals

with small misorientations relative to each other may not change their~orien-
tation when they make contact. The orientation of the continuous film is
therefore determined by the orientation of the individusl crystals at the time

of contact, which in turn depends in an oscillatory manner on the size of the
crystal. As the crystal size is a function of temperature, the orientation of

the continuous film is an oscillatory fﬁnction of temperature. This type of
speculative interpretation could be continued for many other experimental
" observations, but it seems futile until more experimental data are available.

In summary, the broad scalé introduction into thin film growth research of

UHV techniques and of methods to produce clean surfaces have made necessary a
considerable revision of previously held views of the growth of thin films. So
have also the use of more sophisticated investigation methods such as in-situ
electron microscopy, low energy electron diffraction and mass spectrometry. We
have +earned thaﬁ the structure of continuous films may be completely different
from that expected on the basis of the structure of the initially formed nuclei,
not only in particle size an@ shape--which was known for some time--but also in
orientation. The growth‘phegomené yhich follow nucleation have been shown to
_rplay_a major role in the structure of the continuous film. They are influenced--
as nucleation is--to a considerable degree by environmental conditions such as
residual gas pressure and composition, substrate surface condition and also
condition of the bulk of the substrate (e.g. impurity content). The most striking
phenomenon is the coalescence of crystals, at least in metal films, Many of the
initial brientations in thin films which have'previously been attributed to
preferrea nucleation2’3 and most, if not all of the initial growth orientations,3
may be due tb coalescence. ‘We suggest, therefore, to call them "coalescence

\
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orientations". They may be identical with the nucleation orientation like in
f.c.c. metals on M082 or mica, or théy may be different, like in Au on clean
>Na01. This has to be considered if films with a given orientation are fo be
grown epitaxially. Certain manipuiaxions such as proper pretreatment of the
substrate or evaporatioﬁ in‘residual gases may havé to be used in order to
suppress the formation of & coalescence orientation different from the nucle-
ation orientation. | |

Space hasvnot permitted us to discuss here fhe formation of continuous non-
"crystalline films or of crystalline films via a liquid or amorphous phase.
This is the subject of other pﬁpers at the conference. We also have omitted a
' discussion of the formation of imperfections although a considerable amount of
work nhas been done on this subject and a large fraction of the imperfections
found in continuous films are assumed to have been introduced in the coalescence
stage. Our gosal was only:to illustrate with some examples our present under-
standing of the formation of continuous films from isolated nuclei and of the
particle size and orientation in.continuous films. Much more experimental work
needs to be done, especially on films of ionic and valence crystals, before we
can hope to develop a genergi theory of the subject of this paper, e.g. by

 generalizing the rigid model,
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FIGURE CAPTIONS

Fig. 1. The three basic film growth mechanisms: (a) Volmer-Weber mechanism,

Fig. 2.

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

o
. approximately 50 A/min.

(v) Frank-van der Merwe, (c) Stranski-Krastanov mechanism.1

(a) Theoreticai behavior of number of.separated particles N',
differential condensation coefficient k and number of condensed
atoms according to a strongly simpiifi

fiux, a bulk condensation coefficient., (b) Condensation of Hg on
polished Ni at -85°C.6
'}

Replica of an epitaxial LiF film on NaCl at 450°C, particle flux

N, = 110" cn™® sec™l. Original 60 000:1.7

Initial growth (N' < N'max)‘of Ag on amorphous carbon at 425°C,
particle flux Nj = 2.5'10l3 en ® sec_l.8
Groyth and coaléscgnce of Aglon mica‘atih50°c, deposition rate
20 ’

Several stages of the coalescence of Ag on M082.20

The influence of the surface condition: Ag simultaneously evaporated
: i v : 7 .
onto a boron nitride single crystal flake and amorphous carbon at
{ . - . .

400°¢. 32 o !

The agglomeration stage on ionic films LiF on KBr at 30C)°C.33’7
Original 30 000:1.
The growth of LiF on amorphous carbon at room temperature.3 N!

number of separated crystals,,f average cfystal cross-gsection, F

fraction of surface covered.




FIGURE CAPTIONS (CONT'D)

‘

Fig. 10. In-situ reflection electron diffraction patterns of Au films grown
on NaCl in UHV at 360°C aﬁd approximately 50 X/min. <110} azimuth

of NaCl. Approximate thickness: (;) 10 X, (v) 100 X, (c) and (d)

thick films (>.500 X), (c) air cleaved surface, (d) UHV cleaved
surface.eh ‘ o

Fig. 11. ’Electron micrograpys of Au films of varying thickness grown on
NaCl in UHV at 360°C and approximately S0 X/min. (a)-(e): air
cleaved surface; (f)-(k): UHV cleaved'surfﬁce. Original 20 000:1.2h

"Fig. 12. Transmission electron diffraction patterns of Au films of varying
thickness grown on NaCl at 360°C and approximately 50 X/min.
(a)-(d): air cleaved surface; (e)-(h): UHV cleaved surface, (f): 10 X
of Au, stabilized with Al on UHV cleavéd surface.zu

Fig. 13, A tyﬁical watér_peak in{thg;gqs evolution du;ing.the heating of NaCl.

crystals. (a) accbrding:to,hh>(b) according f.o.hs -
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